ABSTRACT: Phytoplankton regulate internal pigment concentrations in response to light and nutrient availability. Chlorophyll a to phytoplankton carbon ratios (chl:C phyto ) are commonly reported as a function of growth irradiance (E g ) for evaluating the photoacclimation response of phytoplankton. In contrast to most culture experiments, natural phytoplankton communities experience fluctuating environmental conditions, making it difficult to compare field and lab observations. Observing and understanding photoacclimation in nature is important for deciphering changes in chl:C phyto resulting from environmental forcings and for accurately estimating net primary production (NPP) in models which rely on a parameterized description of photoacclimation. Here we employ direct analytical measurements of C phyto and parallel high-resolution biomass estimates from particulate backscattering (b bp ) and flow cytometry to investigate chl:C phyto in natural phytoplankton communities. Chl:C phyto observed over a wide range of E g in the field was consistent with photoacclimation responses inferred from satellite observations. Field-based photoacclimation observations for a mixed natural community contrast with laboratory results for single species grown in continuous light and nutrient-replete conditions. Applying a carbon-based NPP model to our field data for a north−south transect in the Atlantic Ocean results in estimates that closely match 14 C depth-integrated NPP for the same cruise and with historical records for the distinct biogeographic regions of the Atlantic Ocean. Our results are consistent with previous satellite and model observations of cells growing in natural or fluctuating light and showcase how direct measurements of C phyto can be applied to explore phytoplankton photophysiology, growth rates, and production at high spatial resolution in situ.
INTRODUCTION
Photoacclimation is the phenotypic response of cells to changes in their light environment (Falkowski & LaRoche 1991 , MacIntyre et al. 2002 . This response includes changes in enzymatic processes, morphology, and biochemical composition. One of the most extensively documented forms of photoacclimation is the change in cellular pigment concentration as a function of growth irradiance, a response that can be quantified by changes in chlorophyll a: phytoplankton carbon (chl:C phyto ) ratios. Chl:C phyto variability, however, is not simply a function of growth irradiance but also registers changes in nutrient-driven division rate and other environmental conditions. Phytoplankton cultures grown under nutrient replete conditions in the laboratory exhibit maximum chl:C phyto values and minimum growth rate (μ) at low growth irradiances (E g ) and minimum chl:C phyto and maximum μ at high E g (e.g. Fig. 1 , dashed line) (Cloern et al. 1995 , Geider et al. 1997 , Halsey & Jones 2015 . In contrast, nutrient-limited phytoplankton grown under constant E g exhibit maximum chl:C phyto at high μ and minimum chl:C phyto at low μ (Laws & Bannister 1980 , Halsey et al. 2013 . Such laboratory results emphasize that chl:C phyto is dependent on light and nutrient status, both of which must always be considered when evaluating phytoplankton photophysiology in natural phytoplankton populations.
In situ light fields fluctuate on timescales ranging from seconds in near surface waters (Schubert et al. 2001) to vertical mixing dynamics that range from hours to days (Denman & Gargett 1983 , Backhaus et al. 1999 , D'Asaro 2008 to seasonal patterns in incident light. Phytoplankton respond to fluctuating light by altering their cellular chl and carbon content on time scales less than 1 h (Lewis et al. 1984 , Cullen & Lewis 1988 , Havelková-Doušová et al. 2004 ) and employ photoprotective mechanisms such as nonphotochemical quenching (Havelková-Doušová et al. 2004 , Miloslavina et al. 2009 , van de Poll et al. 2010 , Alderkamp et al. 2013 ) that are active on timescales of microseconds to minutes.
Phytoplankton growth conditions in the field contrast starkly with static light and nutrient-replete conditions commonly used in laboratory culture experiments. Because field and laboratory growth conditions can be very dissimilar, it is reasonable to expect differences in chl:C phyto photoacclimation patterns between laboratory and field populations. This expectation is illustrated by the photoacclimation response derived from natural phytoplankton communities using satellite observations and that from the laboratory. Specifically, the satellite-based relationship (solid black line in Fig. 1 ) developed using the 99th percentile of estimated chl:C phyto and monthly median E g for the surface mixed layer exhibits only a modest decrease of ~2-fold in chl:C phyto from minimum to maximum values of E g (Behrenfeld et al. 2005 , Westberry et al. 2008 ). Compared to this result, static light nutrient-replete culture experiments show a wider range in chl:C phyto ratio across the same growth irradiances. An extreme example of this is Dunaliella tertiolecta which, when grown in constant light, exhibits a nearly 8-fold change in chl:C phyto from minimum to maximum E g (Behrenfeld et al. 2005 , grey dashed line in Fig. 1) . Behrenfeld et al. (2002) showed a similarly large range (~6-fold) in chl:C phyto for 21 different phytoplankton species from 23 previously published laboratory studies (see Fig. 1 inset in Behrenfeld et al. 2002) . Still, other laboratory studies have reported less dramatic changes, albeit larger than observed in satellite data, in chl:C phyto (~3-fold) over a wide range of growth irradiances (e.g. Laws & Bannister 1980 , Geider et al. 1997 ). An optimality model of resource allocation to light harvesting for cells grown under dynamic and static light conditions was recently described by Talmy et al. (2013) . Model results yielded a photoacclimation response curve with a more limited range in light harvesting for a mixed light environment (2.5-fold) than for a static light environment (8-fold) (see Fig. 10 in Talmy et al. 2013) . These model results reflect a higher investment of resources into carbon fixation and photoprotection compared to pigment synthesis under mixed light conditions (Talmy et al. 2013) , suggesting alternative strategies to pigment synthesis when cells are in a low mean but highly variable light environment. Importantly, the chl:C phyto response from the dynamic light model is very similar to the photoacclimation response derived from satellite data (Fig. 1 , solid black and solid grey lines).
Many ecosystem models and satellite algorithms specify relationships between chl:C phyto and E g to Talmy et al. 2013) , and a steady-state nutrient-replete culture of Dunaliella tertiolecta (dashed grey line, after Behrenfeld et al. 2005) . Data normalized to the minimum chl:C phyto at high light determine phytoplankton μ and net primary production (NPP) (e.g. Blackford et al. 2004 , Westberry et al. 2008 . Because relationships describing photoacclimation can differ greatly between field and culture data, parameters from cultures may not be applicable to ecosystem models that do not resolve phytoplankton species, cell size, functional types, etc. More so, the choice of parameters used may differ between studies. For example, the chl:C phyto maxima at low light from Blackford et al. (2004) and the carbonbased production model (CbPM) (Westberry et al. 2008 ) differ by almost 2-fold (0.075 vs. 0.042, respectively). Such differences may lead to incompatible results between the different models. Furthermore, interpretations of long-term changes in the historical chlorophyll records require an accurate characterization of photoacclimation to discriminate changes due to biomass, light, or nutrients , Siegel et al. 2013 . And, while different light regimes may result in different photoacclimation responses, as described above, defining a photoacclimation response relationship for natural phytoplankton assemblages in a dynamic light environment is essential for advancing our understanding of ocean ecosystems and the response of microalgal communities to climate forcings. One of the critical obstacles to evaluating chl:C phyto variability in the field has been the determination of phytoplankton biomass (C phyto ). While measurements of chl a are routine (Wright et al. 2005) , C phyto has traditionally been estimated by proxy or conversion of phytoplankton-related properties (e.g. chlorophyll, cell number or cell volume, total particulate organic carbon). Proxy measurements are subject to large errors and contamination (Banse 1977 , Graff et al. 2012 . Fortunately, direct measurements of C phyto are now possible by combining sorting flow-cytometry and elemental analysis (Graff et al. 2012 , Casey et al. 2013 . These methods can be used to explore phytoplankton biomass distributions in the field (Casey et al. 2013 , Graff et al. 2015 , constrain global estimates of C phyto from space (Graff et al. 2015) , investigate photophysiology, and revise descriptions of phytoplankton physiology and biomass in ecosystem models.
Here, we describe patterns in chl:C phyto observed in the open ocean where both chl a and C phyto concentrations were measured analytically. Field samples were collected from a wide range of environmental conditions including the Equatorial Pacific Ocean (EPO) and a north−south transect of the Atlantic Ocean from temperate to oligotrophic waters. Observed chl:C phyto variability is evaluated in the context of mixed-layer light conditions, as well as nutrient concentrations and supply patterns. The primary focus of this report is to compare the new field data with previously described relationships from laboratory-and satellite-based studies, where photoacclimation has been described as a function of average or median light levels (E g ). For the current analysis, we assume that the photoacclimation state of phytoplankton can be described as a function of the median mixed-layer light level (i.e. cells acclimate to the integrated daily mean light level in the mixed layer), but note that this assumption has yet to be rigorously evaluated from the perspective of cellular mechanisms regulating chlorophyll synthesis. We find that the relationship between field-based chl:C phyto data and E g is more consistent with the satellite-based photoacclimation response than laboratory results which exhibit more extreme responses, e.g. D. tertiolecta. To explore the utility of these new results for estimating NPP, we then apply the CbPM (Westberry et al. 2008) , which was originally developed for application to satellite data, to the north− south Atlantic Ocean transect data. We compare the resultant production estimates from the CbPM with 14 C uptake rates for the Atlantic Meridional Transect (AMT) and assess the estimated growth rates relative to surface nutrient data for which the model employs a relationship between Chl:C phyto ratios and nutrient limited growth rates.
MATERIALS AND METHODS
Field samples from the surface mixed layer and optical measurements were collected during 2 cruises (Fig. 2) . The first cruise took place in the EPO from 7 May to 28 June 2012 in conjunction with the National Oceanic and Atmospheric Administration's (NOAA) Tropical Atmospheric Ocean project aboard the NOAA Vessel 'Ka'imimoana' (Fig. 2) . The second field effort was part of the 22nd Atlantic Meridional Transect (AMT-22) aboard the RSS 'James Cook' from 10 October to 24 November 2012 (Fig. 2) . During both cruises, surface optical properties were continuously measured as described in Dall'Olmo et al. (2009) . Discrete samples were collected from the ships' flowing seawater supply for C phyto , highperformance liquid chromatography (HPLC) pigments and total particulate organic carbon (POC) analyses. During the EPO cruise, samples from the surface mixed layer and from depths below the mixed layer were also collected using a CTD rosette with Niskin bottles.
Phytoplankton biomass and pigments
Three methods were used to estimate C phyto in the field: (1) direct analytical measurement (Graff et al. 2012 (Graff et al. , 2015 , (2) biomass particulate backscattering (b bp ) at 470 nm (Graff et al. 2015) , and (3) cell counts of Prochlorococcus converted to carbon. First, direct measurement of C phyto employs sorting flow-cytometry to collect cells for elemental analysis. Details of this procedure can be found in Graff et al. (2015) but are reviewed here briefly. Whole seawater samples were processed on a Becton Dickson Influx Cell Sorter (BD ICS) flow-cytometer and the collected material was analyzed on a Shimadzu TOC-N using manual injection. A sample blank, consisting of artificial seawater (de-ionized water plus sodium chloride) used as sheath fluid in the BD ICS, was analyzed to correct for non-algal carbon contributed by the sheath water to the sorted sample. Second, optically derived C phyto was calculated using measurements of b bp similar to Behrenfeld et al. (2005) and Westberry et al. (2008) . However, a newly refined and validated relationship between C phyto and b bp in the field reported in Graff et al. (2015) is used here (C phyto = 12128 × b bp470 + 0.59). Last, Prochlorococcusspecific carbon was calculated using flow-cytometry determined cell concentrations multiplied by 100 fg C cell −1
. Published values of carbon cell −1 for Prochlorococcus span an order of magnitude from 35 to 350 fg carbon cell −1 (Caron et al. 1995 and referenes therein, Veldhuis & Kraay 2004) . Prochlorococcus-specific carbon was determined because divinyl chl a (DV chl) is unique to these cells and can be used to independently evaluate chl:C phyto ratios for this this group. These ratios, however, should be cautiously interpreted given the potential range in carbon for this group.
Whole seawater samples (1−3 l) were filtered onto pre-combusted (450°C, 4 h) glass fiber filters (GF/F) for HPLC pigment analysis. Each filter was immediately placed into a cryovial and stored in liquid nitrogen (LN). Samples were analyzed at the NASA Goddard Space Flight Center Ocean Ecology Laboratory (Van Heukelem & Thomas 2001) . Total chl a and DV chl are considered here.
Optics and light
Optical parameters were continuously measured on the flow-through seawater systems of both research vessels using a WETLabs ECO-BB3 backscattering sensor (470, 532, and 670 nm) mounted in a custom-made backscattering flow chamber (Dall'Olmo et al. 2009) . Particulate backscattering at 470 nm (b bp ) was calculated following Dall 'Olmo et al. (2009) . Values reported here represent up to 60 min averages centered on the time of sample collection for discrete measurements of pigments and/or C phyto . A smaller temporal averaging period was used in temperate waters where increased spatial heterogeneity in particle fields exist.
For the EPO cruise, E g (mol quanta m −2 h −1 ) was calculated for stations sampled with the CTD rosette using ship-mounted incident photosynthetically active radiation (PAR) measurements and extinction
) (Morel & Maritorena 2001) . E g values within the mixed layer were calculated as the median light level following Behrenfeld et al. (2005) . For the AMT-22 transect, E g was calculated from the daily noon CTD casts and interpolated to each sample station using the Matlab shapepreserving interpolant, which fits a piecewise polynomial function to the dataset, i.e. fitting a smooth function for E g between latitudinal data. Mixed-layer depths were determined using the criteria of a change in potential density of 0.125 kg m −3 relative to that observed at a depth of 10 m (Levitus 1982) .
Modeling NNP
High spatial-resolution estimates of μ, NPP, and nutrient stress were obtained by applying the CbPM (Westberry et al. 2008 ) to the AMT-22 transect field data. Growth rates and NPP were calculated using the photoacclimation and growth rate parameters developed in Westberry et al. (2008) . In the CbPM, the maximum phytoplankton growth rate (μ) is set at 2 divisions (div) d −1 as observed in the field (Banse 1991). This maximum is then scaled to account for both light and nutrient limitation of growth rate (Westberry et al. 2008, their Eq. 5) . In this approach, the satellite-derived field photoacclimation relationship (Fig. 1, black line) defines the maximum chl:C phyto as a function of E g where the maximum chl:C phyto = 0.022 + (0.045 − 0.022)e −3PAR(z) (from Westberry et al. 2008, their Eq. 4, z is depth). Where light is saturating for growth, the maximum division rate is 2 and when it is limiting is scaled to a lower value according to the relationship 1 − e . A decrease in μ under low light conditions results from a decrease in light absorption as chl synthesis is not sufficient to match the reduction of the light field (Geider 1987 (Geider , 1996 . The exponent −5 describes the strength of light limitation on μ observed in laboratory photoacclimation experiments (Westberry et al. 2008 using M. J. Behrenfeld unpubl. data 2007 . This model also incorporates nutrient effects on growth rates. Decreases in chl:C phyto resulting from nutrient limitation are directly proportional to changes in μ (Laws & Bannister 1980 , Halsey & Jones 2015 . Therefore, an observation of chl:C phyto which is less than the predicted maximum at its determined E g is attributed to nutrient stress. Fig. 3 is a diagram of this approach for a single observation. In this example, we have an observation (open circle) of chl:C phyto at a particular E g which falls below the maximum value described by the photoacclimation response curve. The ratio A/B quantifies the reduction in chl:C phyto between the maximum and minimum (μ = 0) growth rates at that E g due to nutrient limitation. Because it is directly proportional, the ratio of A/B is used to scale μ for nutrient effects. Nutrient stress is calculated from the CbPM as 1 − A/B where a value of zero represents nutrient replete conditions and a value approaching 1 indicates of a high degree of nutrient stress. Thus, we can calculate the division rate of a phytoplankton community for an observed chl:C phyto and E g and discern which, if any, of these environmental parameters are responsible for limiting growth. Mixed-layer NPP values were calculated as μ × C phyto and integrated to the base of the mixed layer. These values are further divided into broad biogeographic regions (after Zubkov et al. 2000 ) and compared to depth-integrated 14 C measurements reported for corresponding provinces for the AMT-22 cruise (Tilstone & Lange 2013 ) and the historical AMT dataset (Tilstone et al. 2009 ).
Nutrient data from the AMT database for samples collected between 2 and 5 m during the 22nd AMT Cruise are included in this study for qualitative analyses of chl:C phyto and CbPM results for μ and nutrient stress terms. Nutrient data for AMT-22 includes inorganic nitrogen (nitrate plus nitrite), phosphate, and silicate.
RESULTS
For the 41 total direct measurements of C phyto presented here, 20 were from discrete samples collected from the EPO and 21 were from the AMT-22 cruise. Biomass directly measured for these samples ranged from 4 to 58 µg l −1 (Graff et al. 2015) . Applying the b bp vs. C phyto relationship described by Graff et al. (2015) yielded 200 additional indirect estimates of C phyto , and conversions of the Prochlorococcus cell counts to biomass added another 159 values specific for that group. Biomass estimates from measurements of b bp along the AMT-22 transect ranged from 6 to 47 µg l −1 (Fig. 4B) . Chlorophyll was lowest in the southern subtropical region at 0.026 µg l −1 and highest in the southern temperate region at 1.13 µg l −1 (Fig. 4A ). E g ranged from 0.0022 to 1.9 mol quanta m −2 h −1 where direct measurements of C phyto were available. Interpolating E g between CTD stations and to where proxy estimates of biomass were available extended the upper range of growth irradiance for this analysis from 1.9 to 2.8 mol quanta m −2 h −1 (Fig. 4D) . Chl:C phyto from direct measurements ranged from 0.0023 to 0.032 (Fig. 5A) , exhibiting almost 15-fold variability that reflects both nutrient-and light-55 Fig. 3 . Diagram of growth rate (μ) calculation used in the carbon-based productivity model (CbPM) (Westberry et al. 2008 ). Growth rate is scaled from a theoretical maximum of 2 (Banse 1991) by nutrient limitation when observations fall below the solid black line and by light limitation at low light. A: observed chl:C phyto ; B: maximum chl:C phyto possible for a given equation; O: observed chl:C phyto and E g driven changes in cellular pigmentation (Geider 1987 , Geider et al. 1997 , Behrenfeld et al. 2005 . Inclusion of indirect C phyto estimates from b bp or Prochlorococcus cell counts significantly increased the number of chl:C phyto observations with collocated estimates of median mixed-layer light level. When biomass was derived using b bp or Prochlorococcus cell counts the range of chl:C phyto was 0.003−0.027 ( Fig. 5B ) and 0.001−0.05 (Fig. 5C ), respectively. Field-derived photoacclimation parameters (chl:C phyto and E g ) were used to model phytoplankton μ and NNP. We calculated phytoplankton division rates fol- lowing the approach used in the CbPM (Westberry et al. 2008 ) and detailed again in this paper. Here, we used C phyto estimates from b bp for the AMT-22 transect to provide high-resolution estimates of μ and NPP. Along the north−south transect, estimates of μ ranged from 0.03 to 1.9 div d −1 (Fig. 6B) . Division rates were highest at the southern end of AMT-22, and another peak was observed in the vicinity of the Intertropical Convergence Zone (ITCZ) at approximately 12° N. Lower values were observed in the oligotrophic gyres (~0.3 div d −1
). NPP in the CbPM is calculated by definition as μ × C phyto . Mixed-layer NPP from the CbPM approach ranged from 45 to 1447 mg C m −2 d −1 (Table 1) ) and the maximum in southern temperate waters (Fig. 6C ). Both subtropical gyres had a lower range in NPP, as did the northern temperate region, spanning from 45 to 558 for these 3 regions combined (Table 1) .
DISCUSSION
A significant amount of scatter is seen in all chl:C phyto observations (Fig. 5 A−C) and nearly all values fall below the photoacclimation response curves for the Dunaliella tertiolecta culture and satellite ocean-color retrievals (Fig. 5D ). These response curves (lines in Fig. 5D ) represent chl:C phyto under nutrient-replete conditions in culture or optimal growth conditions observed in the field for a particular E g . Observations that lie below the maximal photoacclimation response curves are attributed in the CbPM to a reduction in chl:C phyto resulting from nutrient-limited growth rate (Laws & Bannister 1980 , Halsey & Jones 2015 but may also reflect E g being an incomplete descriptor of the mixed-layer light level to which phytoplankton photo acclimate. While the field chl:C phyto reported here fall below the more extreme laboratory (represented here by D. tertiolec ta) and satellite-derived photoacclimation responses, the observed maxima closely match those from satellite retrievals (Fig. 5D , solid line). This does not strictly rule out the possibility that the satellite-based photoacclimation relationship or the field observations reported here deviate from the laboratory results due to nutrient limitation. However, the limited range in chl:C phyto from satellite retrievals in cludes observations in regions where nutrients are seasonally replete. Field data also represent a mixed phytoplankton community that may dampen the photoacclimation response curve relative to culture studies which observe larger changes. For example, the range of chl:C phyto of Prochlorococcus (Fig. 5C) , not accounting for nutrient impacts on this ratio, appears to be more enhanced relative to the total community (Fig. 5D ). Disentangling nutrient, light, and speciesspecific impacts on the field photoacclimation response curve cannot be fully accomplished here. However, the variability and broad patterns in chl:C phyto along the AMT transect can be explored relative to light and nutrient concentrations. Table 1 . Comparison of surface mixed-layer net primary production (NPP) using the carbon-based production model (CbPM) (Westberry et al. 2008 ) with depth-integrated 14 C measurements for the same 22nd Atlantic Meridional Transect (AMT-22) cruise and with the historical AMT record (1998−2005) Chl:C phyto variability along the AMT In this subsection, we focus on the AMT-22 transect and evaluate the observed patterns in chl:C phyto against in situ E g and nutrient conditions. Enhanced chl:C phyto ratios in the northern temperate region of the transect correspond to low E g (Fig. 4C,D) and moderately elevated nutrients (Table 2, Fig. 4C & E−G). A more dramatic increase in chl:C phyto is seen in the southern temperate region (Fig. 4) sampled during austral spring. Nitrogen (nitrate + nitrite) and phosphate were maximal in this region (Fig. 4D,E) , and E g was often as low as that encountered in the temperate northern waters (Fig. 4) . Thus, low light and increased nutrients underlie the highest chl:C phyto observed during AMT-22. Conversely, the lowest chl:C phyto were found in the North Atlantic Subtropical Gyre (~20−35° N), where nutrients were at a minimum and light was moderately high in comparison to other regions (Table 2 , Fig. 4) .
Nutrient impacts on chl:C phyto become more apparent when comparing regions of the AMT transect as a function of irradiance (Fig. 7) . Chl:C phyto for the southern portion of the transect (Fig. 7 , dark blue) fall well above those collected in the northern temperate waters (Fig. 7 , dark red) despite having similar E g values in both regions. A local peak in chl:C phyto was also present just north of the equator at ~15° N in the ITCZ. Nutrient inputs into the ITCZ include upwelling (Robinson et al. 2006 ) and nitrogen and ironrich dust blowing off the African continent, which peak in concentration in this region (Baker et al. 2013) . Samples from the ITCZ create a cluster of points (Fig. 7 , light green, yellow, and light orange) that fall above samples with similar E g values. Elevated concentrations of silicate are visible in the nutrient data in this region (Table 2, Fig. 4G ), and enhanced inputs of iron in the ITCZ would elevate chl:C phyto in this region (Sunda & Huntsman 1997) . However, inorganic nitrogen and phosphate do not show increases in the ITCZ. It is likely that one or both of these nutrients are limiting in this region (Moore et al. 2013) . Any supply of these nutrients would be quickly taken up and incorporated into biomass and, thus, would not likely be measured as freely available resources.
μ and NPP along the AMT Patterns in chl:C phyto observed for AMT-22 are consistent with our understanding of the environmental parameters which impact these values. Thus, we can evaluate the patterns in μ and NPP derived from the CbPM as it was applied to our field data. In the oligotrophic gyres where μ is low, nutrient stress appears to be relatively high (Fig. 6A) Moore et al. (2013) reported that phytoplankton growth and production in as much as 30% of low latitude surface ocean waters is limited by nitrogen supply with the remainder of the ocean limited by iron or other micronutrients. However, light can also limit μ, and this is accounted for in the CbPM. A reduction in μ due to light limitation was observed in the northern temperate waters above 35° N. E g (Fig. 4D ) and μ (Fig. 6B ) decline sharply moving northward in this region while nutrient stress (Fig. 6A ) remains relatively constant. A broader understanding of how nutrients differentially influence phytoplankton group-specific growth rates in the field can be ascertained from this data. For example, bulk phytoplankton μ in the ITCZ region ranged from 0.8 to 1.6 d −1
. Flow cytometric analysis of samples from this region during showed that the phytoplankton community included Prochlorococcus, Synechococcus, and eukaryotes (data not shown). Division rates for Prochlorococcus from laboratory and field studies range from ~ 0.3 to 1 d −1 (Liu et al. 1998 , Shalapyonok et al. 1998 , Partensky et al. 1999 . Prochlorococcus division rates appear to be insensitive to increased nutrient supplies relative to other phytoplankton groups (Partensky et al. 1999 ) and take up nutrients at high rates even in oligotrophic waters (Zubkov et al. 2003) . Modeled growth rates of the total phytoplankton community in these regions are above and beyond the published range for Prochlorococcus and suggest that the remainder of the community, composed of Synechococcus and eukaryotic phytoplankton, have higher rates of division as a result of nutrient supplies in this region.
NPP estimates from the CbPM generally agree with 14 C measurements (Table 1, Fig. 6C ). Depthintegrated 14 C-NPP measurements ranged from 100 to 1600 for AMT-22 and from 51 to 1600 if the historical AMT 14 C data is included (Table 1) (Tilstone et al. 2009 , Tilstone & Lange 2013 . A general pattern of low NPP in the subtropical oligotrophic gyres and higher values at the Equator and in temperate waters is consistent between the 2 methods (Table 1, Fig. 6C ). A benefit of implementing the CbPM is that it can provide higher resolution data (N = 180) compared to the 14 C method (AMT-22, N = 37, AMT 1998 and can capture variability that may otherwise be missed by the spatial resolution of the less frequent incubations. Inclusion of the historical AMT dataset further demonstrates that the CbPM-NPP values fall well within the observed range of 14 C data (Table 1) . A variety of factors may contribute to differences in NPP estimates from the CbPM and 14 C approach. For example, the CbPM-NPP estimates were calculated for the surface mixed layer only, whereas 14 C-NPP was integrated over the euphotic zone. Interpretation of 14 C incubation results must also consider incubation time and growth rates of the phytoplankton (Halsey et al. 2013 , Pei & Laws 2013 ). Short-term 14 C incubation experiments provide estimates of gross primary production (Halsey et al. 2013 ). Long-term incubations approach net production (Halsey et al. 2013 ) but may over or underestimate NPP as a result of phytoplankton species composition (Pei & Laws 2013 ) and differences in the environmental parameters (e.g. light, temperature) between incubations and in situ conditions. Additionally, E g used here was interpolated between noon CTD cast stations and may not accurately represent the water column where samples were collected. Assumptions of the model, for example maximum division rates of 2 d −1 or what defines the growth irradiance, could significantly bias model results. New methods for assessing growth rates in the field may shed light on the maximal growth rates of natural phytoplankton communities (Zubkov 2014 ) and would directly influence modeled NPP in ecosystems models such as the CbPM. Additional work is needed to resolve discrepancies between modeled and measured rates of NPP, which despite the difference in approach, show good relative agreement.
CONCLUSIONS
A fundamental question that still needs to be addressed is how to appropriately evaluate measured chl:C phyto variability with respect to the ocean's mixed-layer light environment. For consistency with earlier studies, we have chosen to express chl:C phyto data as a function of the median mixed-layer light level. While this assessment of growth irradiance is certainly mathematically convenient, it is not mechanistically based on physiological processes that regulate chlorophyll synthesis in the field, and it does not consider how changes in light over the course of the photoperiod influence these regulatory pathways. Clearly, a major area for future work on photoacclimation in natural systems will be the integration of field measurements of chl:C phyto with mechanistic understandings of cellular photoacclimation and regulation in a fluctuating light environment.
Despite using a simplistic description of mixedlayer growth irradiance, a robust conclusion from the current study is that chl:C phyto variability in the upper open ocean does not exhibit the extreme low-light values observed in static light laboratory experiments. Instead, our analytical field data for natural phytoplankton communities appear more consistent with the rather diminished low-light response earlier derived from field data (Behrenfeld et al. 2002) , satellite data (Behrenfeld et al. 2005 , Westberry et al. 2008 , and the dynamic light model of Talmy et al. (2013) . Expanding the field database of measured chl:C phyto values, concurrent with water column measurements of the light field and vertical mixing, will be important for refining our understanding of photophysiology in nature. This understanding is critical for advancing ocean ecosystem modeling, improving assessments of global NNP, and interpreting the satellite record of chlorophyll and carbon variability in response to environmental forcings. 
